ABSTRACT: Perinatal exposure to chronic hypoxia induces sustained hypertension and structural and functional changes in the pulmonary vascular bed. We hypothesized that highland newborn lambs (HLNB, 3600 m) have a higher pulmonary arterial pressure (PAP) due in part to a higher activity/expression of phosphodiesterase 5 (PDE5). We administered sildenafil, a PDE5 inhibitor, during basal and hypoxic conditions in the pulmonary hypertensive HLNB and compared them to lowland newborn lambs (LLNB, 580 m). Additionally, we compared the vasodilator responses to sildenafil in isolated small pulmonary arteries and the PDE5 mRNA expression and evaluated the vascular remodeling by histomorphometric analysis in these newborn lambs. Under basal conditions, HLNB had a higher PAP and cardiac output compared with LLNB. Sildenafil decreased the PAP during basal conditions and completely prevented the PAP increase during hypoxia in both groups. HLNB showed a greater contractile capacity and a higher maximal dilation to sildenafil. PDE5 mRNA expression did not show significant differences between HLNB and LLNB. The distal pulmonary arteries showed an increased wall thickness in HLNB. Our results showed that HLNB are more sensitive to sildenafil and therefore could be useful for treatment of pulmonary hypertension in high-altitude neonates. E xposure of lowland species to high altitude produces pulmonary vasoconstriction and remodeling resulting in pulmonary hypertension. Previously, we have shown that newborn lambs gestated and born at high altitude have an increased pulmonary arterial pressure (PAP) and vascular reactivity compared with those born at sea level (1). Appropriate increases in pulmonary vascular resistance (PVR) are adaptive, matching pulmonary perfusion to the reduced oxygenation. However, excessive increases in PVR, if maintained over time, lead to structural changes of the pulmonary vasculature, such as an increase in vascular muscle cells and fibrosis in the adventitia of the vessel (2-4). In newborns, either at altitude or sea level, this pulmonary arterial hypertension is ultimately due to a failure in the regulation of the PVR at birth by mechanisms not fully understood, which implies an imbalance in vasoconstrictors and vasodilators, leading to hypoxemia and sustained pulmonary hypertension. Indeed, one of the major causes of persistent pulmonary hypertension in the newborn is chronic hypoxia in utero (5) and is characterized by hypoxemia that is frequently refractory to conventional management, with a mortality rate near 10% (6). The incidence of this syndrome may be higher at high altitudes (7), an important issue considering that more than 140 million people worldwide live at more than 2500 m (8). Moreover, it has been suggested that during chronic hypoxia, production of vasoconstrictors is enhanced, while synthesis of vasodilators is reduced in the lung (9,10). A mechanism that favors this high vascular tone is the hydrolysis of cyclic guanosine monophosphate (cGMP) by phosphodiesterases (PDEs). The major PDEs expressed in arterial smooth muscle cells of mammals, including pulmonary arteries, are the PDEs 1A, 1B, 1C, 3A, 3B, and 5. In conditions of low intracellular calcium, PDE5 presents the most important cGMP-hydrolyzing activity (11). PDE5 activity is increased by high levels of cGMP, which binds to a specific regulatory domain (GAF) and induces its phosphorylation through protein kinase G (PKG I). This fact explains in part the tolerance that is developed in response to the antihypertensive treatments with nitric oxide (NO)-releasing drugs (11). Therefore, the inhibition of PDE5 activity seems to be a suitable strategy to confront the high vascular tone observed in pulmonary hypertension.
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Current treatment for pulmonary hypertension includes inhaled NO with partially successful results; however, NO presents the disadvantage of being an expensive treatment.
Furthermore, the availability of this gas around the world is limited. Sildenafil is a competitive inhibitor of the PDE5 that has been suggested as a treatment for pulmonary hypertension in newborns (12, 13) . Here, we studied the use of sildenafil as an antihypertensive drug in the pulmonary vasculature of lambs exposed to chronic hypoxia during the perinatal period and explored the role of PDE5 and cGMP on the NO-induced vasodilatation in isolated pulmonary arteries. We hypothesized that neonatal sheep native to highlands have a higher PAP due in part to a higher expression/activity of PDE5 relative to lowland lambs. The aim of this study was to determine the pulmonary and systemic cardiorespiratory effects of i.v. administration of sildenafil during basal and hypoxic conditions in newborn lambs whose pregnancy and birth took place at 3600 m above sea level and compared them with those born at sea level. Additionally, we compared the vasodilator responses in isolated small pulmonary arteries to sildenafil and sodium nitroprusside (SNP, a NO donor) and evaluated the vascular remodeling by histomorphometric analysis.
METHODS
The Ethical Committee of the Faculty of Medicine, University Of Chile, approved all animal procedures.
Animal subjects. We used 21 newborn sheep gestated, born, and studied at In vivo experiments. All experiments had 45 min of basal (B), 15 min of basal plus infusion (BϩI), 60 min of isocapnic hypoxia plus infusion (HϩI, PO 2 30 mm Hg) and 60 min of recovery (R). To induce hypoxia, a transparent polyethylene bag was placed over the animal's head into which a mixture of air, N 2 , and CO 2 (10% O 2 and 2%-3% CO 2 in N 2 ) was passed at 20 L · min Ϫ1 . Fourteen LLNB and seven HLNB received an i.v. infusion of 0.9% NaCl as the control group. Seven LLNB and six HLNB were treated with sildenafil (Sildenafil, Laboratorio Chile; 16.6 g · kg Ϫ1 · min Ϫ1 i.v.). The solutions were infused 15 min before hypoxia and ran continuously until the end of the hypoxic challenge (B ϩ I and H ϩ I).
Arterial pH, PO 2 , PCO 2 , hemoglobin concentration (Hb), percentage of saturation of hemoglobin (SaO 2 ), and oxygen content; systemic arterial pressure (SAP) and PAP; heart rate (HR) and mean SAP and PAP; cardiac output (CO); and systemic vascular resistance (SVR) and PVR were measured and calculated as described previously (1) .
Ex vivo experiments. Small resistance pulmonary arteries (third branch, 370 Ϯ 18 m internal diameter, 2 mm length) were dissected and mounted in a myograph (410M, Dual Wire Myograph, Danish Myotechnology) for isometric force measurement. We obtained the optimal diameter and concentration response curves to potassium and dose-dependent relaxation in precontracted arteries with K-KBR (50 mM KCl) to SNP (10 Ϫ11 to 10 Ϫ3 M), to sildenafil (10 Ϫ13 -10 Ϫ5 M) and to SNP in the presence of 10 Ϫ5 M ODQ (1H- [1, 2, 4] oxadiazolo [4,3-a] quinoxalin-1-one), a specific inhibitor of the soluble guanylate cyclase (sGC).
PDE5 mRNA determination. We prepared total RNA using Trizol (Invitrogen Life Technologies, Carlsbad, CA) and synthesized cDNA by RT using random hexamers and the SuperScript First Strand Synthesis System for RT-PCR kit (Invitrogen Life Technologies). PCR amplification of partial sequences of DNA coding for PDE5 was carried out from cDNA synthesized from 0.2 g of total RNA, with 1 U of Taq polymerase (Promega); 1.5 mM MgCl 2 ; 0.2 mM deoxyribonucleoside triphosphate mix; and 0.3 m of each one of the primers used. Primers used were forward 5=-CARAAYTTYCAR-ATGAAMCAYGA-3= and reverse 5=-RTTYTTYTTYTCYCKRTTCAT-3= for specific amplification of 700 bp. The PCR reaction profile consisted of 5 min at 94°C, followed by 28 cycles of 40 s at 94°C, 1 min at 53.5°C, 1 min at 72°C, and extension for 5 min at 72°C. Fifteen microliters of each PCR products was separated by electrophoresis on ethidium bromide agarose gels and visualized under ultraviolet light. The bands obtained on RT-PCR determinations were quantified by densitometric analysis using the Scion Image Software (Scion Image Beta 4.02, Scion Corporation, Frederick, MD).
Histologic experiments. We extracted and perfused the left lung with 4% paraformaldehyde. Excised lungs were fixed in 4% paraformaldehyde for 24 h at 4°C and embedded in paraffin, and van Gieson staining was performed on 10-m slides. For pulmonary vascular morphometry, images of subpleural arterioles were captured with a microscope digital camera system (Nikon Coolpix), and arterial area was measured using an image analysis program (ImageJ 1.32J National Institutes of Health, Bethesda, MD). The percentage of wall thickness was calculated as described by Minamino et al. (14) .
The solutions and drugs used were as follows. Krebs buffer was prepared as described previously (1) . Sildenafil was obtained from Laboratorio Chile, SNP from Prolabo (Paris, France), and ODQ from Sigma Chemical Co.
Data analysis. We used two-way ANOVA and the Newman-Keuls test for in vivo studies. For ex vivo experiments, dose-response curves were analyzed in terms of sensitivity and maximal response by fitting experimental data to the Boltzmann equation (Origin v. 
RESULTS
Blood gases and acid-base status. During the basal period, PaO 2 , PaCO 2 , SaO 2 , and O 2 content were lower in HLNB than in LLNB, but pH was higher (Table 1) . During acute hypoxia, all animals had decreases in PaO 2 , SaO 2 , and O 2 content, but the PaO 2 was maintained (isocapnic hypoxia) ( Table 1) . During recovery, the altered variables returned to basal values in both groups, with few exceptions (Table 1) . The control and sildenafil-treated groups at the same altitude presented similar blood gases during the experimental periods (Table 1) .
HLNB. The HLNB had an increased PAP and PVR compared with LLNB ( Figs. 1 and 2 ). Furthermore, they showed an increase in PAP and HR during the hypoxic onset, with an increase in PVR (Figs. 1 and 2 , Table 2 ). In contrast, neither SAP nor SVR showed changes during this episode ( Table 2 ). All the cardiovascular variables returned to basal values in the recovery period in the control group (Figs. 1 and 2, Table 2 ). With the sildenafil infusion, there was an initial decrease in PAP and SAP with an increase in HR (Fig. 1, Table 2 ). During the hypoxic episode with sildenafil, PAP and PVR were maintained at lower levels ( Figs. 1 and 2 ). In contrast, the SAP recovered to the initial basal values during the first 15 min of hypoxia; nevertheless, SVR remained low. In addition, HR and CO increased as in the control group during hypoxia (Table 2) . At the end of the recovery period, all variables returned to basal values, except for PAP and PVR, which remained lower than the control group.
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LLNB. As in the HLNB, the LLNB (control group) had a brisk increase in PAP during acute hypoxia, which was maintained until the end of the episode (Fig. 1) , associated with an increase in CO, PVR, and HR (Figs. 1 and 2, Table 2 ). All these variables returned to basal values in the recovery period ( Figs. 1 and 2, Table 2 ). With the sildenafil infusion, there was an initial decrease in PAP and SAP with an increase in HR (Fig. 1, Table 2 ). During the hypoxic episode, PAP returned to basal values, but PVR remained low with the hypoxia onset ( Figs. 1 and 2 ). In contrast, the SAP recovered the initial basal values during hypoxia (Table 2) ; nevertheless, SVR remained low and HR and CO increased as in the control group during hypoxia (Table 2) .
Response to KCl. The HLNB had a maximum response to (Fig. 3) . Response to sildenafil. Increasing doses of sildenafil induced a concentration-dependent relaxation in pulmonary arteries precontracted with 50 mM KCl from both groups. The maximum response to sildenafil was higher in HLNB (62.5 Ϯ 1.6%Kmax) than LLNB (46.3 Ϯ 2.7%Kmax, p Ͻ 0.05), without differences in pD 2 (10.6 Ϯ 0.1 HLNB and 10.2 Ϯ 0.2 LLNB) (Fig. 4) .
Response to SNP. The NO-donor SNP evoked a relaxation in HLNB of 71.8 Ϯ 1.9% Kmax that was higher in LLNB (100 Ϯ 2.4%Kmax, p Ͻ 0.05). However, HLNB showed a higher pD 2 (6.34 Ϯ 0.09) than LLNB (5.77 Ϯ 0.07, p Ͻ 0.05) (Fig. 5) . The NO-induced relaxation was completely abolished in both groups when sGC was blocked with ODQ (10 Ϫ5 M) plus SNP from 10 Ϫ10 to 10 Ϫ3 M (not shown). Small pulmonary artery histology. Morphometric analysis of the pulmonary distal vasculature revealed a significant difference in vessel wall thickness between HLNB and LLNB (62 Ϯ 4% versus 48 Ϯ 5%, respectively, p Ͻ 0.05, Fig. 6 ).
DISCUSSION
In this work, we have shown that sildenafil played a role in regulating the basal PAP at high and low altitudes. In addition, there was an outstanding blunting of the substantial increase in PAP during hypoxia in high and low altitude lambs. Even more, the PAP in the HLNB during hypoxia plus sildenafil was lower than the basal PAP, despite the increase in CO during hypoxia, indicating a significant pulmonary vasodilatation. These results suggest that the increase in PAP observed in acute hypoxia in highland and lowland lambs could be mediated in part by the absence of cGMP vasodilator effect due to destruction of the cGMP by PDE5. With sildenafil, the cGMP action is restored, particularly in the HLNB, because sildenafil not only blunted the increase in PAP, but also reduced PAP and PVR in pulmonary hypertensive lambs. In addition, it was confirmed that the NO-induced vasodilatation in these small pulmonary arteries is exclusively mediated by cGMP and that the blockade of PDE5 produces greater vasodilatation in chronically hypoxic newborns than in normoxic lambs. Combined, this in vivo and ex vivo outcome indicated that hypoxia stimulated considerably PDE5 function. Furthermore, the HLNB showed remodeling in distal small pulmonary arteries, with thickened media associated to the pulmonary hypertension.
The decrease in SAP was of lesser degree and duration compared with pulmonary pressure. The greater vasodilatation with sildenafil observed in the myographic studies in the HLNB suggests that chronic hypoxia induces a higher function of PDE5, a phenomenon supported by previous reports (15) (16) (17) . Although there was a tendency to increase PDE5 mRNA in HLNB, we did not find significant differences between the HLNB and LLNB. Therefore, the different myographic responses to sildenafil may be explained by a higher PDE5 protein expression and/or activity in our pulmonary hypertensive lambs (15, 16) . However, we did not determine the protein expression or activity of the enzyme to ascertain this mechanism. PDE5 activity is enhanced by phosphorylation through cGMP availability and PKG enzymatic activity (11) , resulting in lower cGMP levels. This, in turn, may favor the enhanced contractile status seen in the HLNB (1). Sildenafil is a potent vasodilator in pulmonary arteries of chronically hypoxic rats, normalizing the [Ca 2ϩ ] i levels (18) and increasing cGMP availability (19) . In addition, sildenafil also acts in endothelial NO synthase (eNOS)-deficient mice, generating substantial pulmonary vasodilatation even when eNOS activity is impaired (20) .
The partial reversal in pulmonary hypertension observed in HLNB during the basal period is due to blunting of vasoconstriction. In addition, the remodeling observed in these animals may explain the absence of total reversion of the elevated PAP. Consistent with our observations in vivo and ex vivo, there was a remodeling in the subpleural arterioles, which is an effect of perinatal chronic hypoxia. The present study is unable to determine the age at which Values are given as mean Ϯ SEM in basal, basal plus infusion (Basal ϩ I), hypoxia plus infusion (Hypoxia ϩ I), and recovery. Significant differences p Ͻ 0.05: †vs basal; ‡vs NaCl 0.9% (control); *vs LLNB with the same treatment. these histologic changes occurred, but it nevertheless is representative of high-altitude populations. However, it is known that the magnitude of the chronic hypoxia-induced changes depends on the species, the age, and the intensity of hypoxia (21) .
Exposure to chronic hypoxia results in high pulmonary pressure associated with a histologic fetal pattern of thickened media (22) as seen in our newborns. This thickening of the media is due to a muscle hypertrophy and deposition of matrix proteins, such as collagen and elastin (21, 23, 24) . Hypoxic calves with pulmonary hypertension showed similar patterns of remodeling as our HLNB at 15 d old (23) . The mechanisms that produce these responses are yet not fully understood (21) . Currently, neonatal pulmonary hypertension has a variety of treatments depending on the intensity of hypertension and hypoxia (25) (26) (27) (28) (29) (30) (31) , and the mortality rate is still high (28, 32) . In this scenario, sildenafil is a novel, inexpensive, easy-to-obtain and administer drug and preliminary trials show its potential use in decreasing PAP (12, 26, (32) (33) (34) (35) . The reported doses in newborns (26, 36, 37) are similar to our dose of 1.2 mg · kg Ϫ1 in a 75-min infusion. The slow administration may be beneficial with no or few unwanted effects in the systemic vascular bed. Some authors have established combinations as sildenafil-inhaled NO (38) , sildenafil surfactant (35), or sildenafil bosentan (30) , with effective pulmonary results. Although sildenafil is a very good drug for pulmonary hypertension treatment, it is necessary to evaluate the side effects such as systemic hypotension, gastric alterations (39), retinal vascular damage (40, 41) , neurologic, and psychological disturbances (42, 43) .
In this study, we have shown that pulmonary NO vasodilatation occurs exclusively via sGC-cGMP and the PDE5 function may be increased in HLNB. Finally, sildenafil is effective in decreasing PAP, even in the presence of pulmonary vascular remodeling and precluding a dangerous increase in pulmonary pressure in episodes of acute hypoxia. The mechanisms responsible for the sildenafil effect under high altitude conditions will require further studies.
